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1     Introduction 
 
1.1    Sleep and sleep deprivation 
The effects of sleep deprivation (SD) on cognition are pervasive and well documented. Among the 
most consistently affected areas are alertness and vigilance, but lack of sleep has also been shown 
to affect higher order functions of cognition such as emotional processing, learning and decision-
making (1). It is also notable that complete sleep deprivation is not needed to produce these 
effects as marked declines in alertness and vigilance have also been demonstrated to occur in 
chronic sleep restriction (i.e. sleeping less than 6 hours per night) (2). 
 
Despite the vital role of sleep in maintaining human cognition, the evolutionary and biological 
significance of sleep is still subject to controversy. Even the very definition of sleep has come 
under increased scrutiny in recent years as it has been argued that the nature of sleep may not be 
as universal throughout different animal species as we have come to believe (3). For example, in 
some bullfrog species the forebrain electroencephalography (EEG) shows maximal voltage during 
high alertness and minimum voltage at rest (4) – a voltage profile opposite to the one associated 
with human sleep and wake (5). On the other hand, some new-born cetaceans appear 
continuously active for several weeks after birth, displaying swimming behaviour that excludes 
periods of slow wave sleep (SWS) longer than 30s – 1min (6). 
 
These examples stretch the neurophysiological and behavioural definitions of sleep and may make 
it hard to provide sweeping generalizations for the function of sleep across the animal kingdom. 
Thus, some researchers have proposed that sleep should perhaps not been seen as a necessary 
requirement for neural function, but rather as a state of “adaptive inactivity” which varies in 
nature depending on the ecological niche of a species (7). This view has been met with some 
resistance (8). 
 
While there is currently no scientific consensus on the function of sleep in humans, the Synaptic 
Homeostasis Hypothesis (SHY) first proposed by Giulio Tononi in 2003 provides an interesting 
frame of reference for this study. SHY proposes that during learning in the waking state the 
synaptic connections throughout the human brain are strengthened and new synapses are 
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formed. SHY posits that this leads to increased synaptic interconnectivity which in turn decreases 
the signal-to-noise ratio in cortical processing. The role of sleep under SHY is to selectively 
downregulate synaptic connections to prevent “runaway synaptic potentiation” which in turn 
would make it possible for the brain to establish new, meaningful synaptic connections in the next 
waking episode. Selective synaptic downregulation during sleep also provides a viable explanation 
for the benefits of sleep on learning. (9) 
 
From a neurophysiological standpoint, operating under the synaptic homeostasis hypothesis one 
would expect to find that prolonged wakefulness leads to increased excitability of the cerebral 
cortex as a product of heightened synaptic interconnectivity. In the following chapter the current 
available evidence for increased cortical excitability following sleep deprivation will be 
summarized. 
 
 
1.2  Electrophysiological correlates of increased cortical excitability after sleep 
deprivation 
Sleep deprivation has long been used as an activation procedure to provoke epileptiform 
abnormalities when diagnosing epilepsy with EEG (10): in fact, the correlation between sleep 
deprivation and epileptic seizures was already described before the advent of the first EEG 
recording. Despite this, the mechanisms underlying the activating effects of sleep deprivation 
remain unclear. Thus, research into the neurophysiological effects of sleep deprivation not only 
furthers our knowledge of sleep as a process, but also provides valuable clinical information as 
well. 
 
There are several studies in which transcranial magnetic stimulation (TMS) was used to assess the 
effect of sleep deprivation on cortical excitability by measuring motor evoked potentials. Despite 
similar approaches the actual results are inconsistent. Manganotti et al. (2001) were the first to 
study the effects of sleep deprivation on motor threshold and intracortical inhibition using single- 
and paired pulse TMS (11). The authors reported significant increases in both intracortical 
inhibition and motor threshold after 24 hours of prolonged wakefulness. 
 
 3 
In contrast, Civardi et al. (2001) found that after 24 hours of sleep deprivation there was no 
significant change in single-pulse motor threshold, but in a paired-pulse study there was a 
reduction both in intracortical inhibition and facilitation after SD (12). These findings were later 
partially reproduced by two studies that both concluded that motor threshold remains unchanged 
but sleep deprivation seems to decrease intracortical inhibition in paired-pulse TMS, suggesting 
heightened cortical excitability (13,14). 
 
In a different approach, Huber et al. (2013) used TMS-evoked electrical potentials (TEPs) to 
demonstrate that both the slope and amplitude of the evoked potential increase progressively 
with extended wakefulness (15). A decrease was noted after a night of recovery sleep, suggesting 
that maintaining wakefulness leads to a heightened excitability of cortical networks that is 
remediated during sleep. A study by Ly et al. (2015) noted that while SD produces a net increase in 
TEP amplitude, the rise appears to be modulated and offset by circadian factors (16). 
 
As with TMS-evoked potentials, sleep deprivation seems to increase the amplitude of certain 
somatosensory evoked potential (SEP) components. This was first demonstrated by Terney et al. 
(2005), who found increases in the early (N20-P24) and the intermediate-latency (P45 – N60) SEP 
components following sleep deprivation (17). This finding was later reproduced by Gorgoni et al. 
(2014) who noted an amplitude increase in SEP components P14, P25, N30 and P40 in subjects 
deprived of sleep for up to 41 hours (18). Partly due to the relatively poor spatial resolution of 
surface EEG, these studies have not differentiated between the primary (S1) and secondary (S2) 
somatosensory responses. 
 
A very recent study by Fattinger et al. (2017) used a novel approach to demonstrate how locally 
perturbing sleep slow wave activity (SWA) on the motor cortex impairs motor learning on the next 
day (19). The authors also noted that learning new motor patterns in the morning leads to 
increased corticomotor excitability as measured by TMS evoked motor potentials. On the contrary, 
learning a new pattern on the evening decreased corticomotor excitability, lending support to the 
hypothesis that synaptic plasticity in the neural circuits saturates during a waking episode. A single 
night of unperturbed sleep renormalized these changes, whereas locally perturbing the motor 
cortex SWA diminished the recovery. This points to the fact that sleep is needed to restore the 
brain’s capacity for synaptic plasticity after a prolonged period of wakefulness. 
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To date all the studies that survey the effects of sleep deprivation on cortical excitability have used 
TMS or EEG or both to record changes in cortical activation. In addition to measuring cerebral 
electric fields with EEG it is also possible to measure the corresponding magnetic fields produced 
in the brain using magnetoencephalography (MEG) (20). Unlike electrical fields, magnetic fields 
travel through the intercellular substance and skull relatively unimpeded (21) and can be detected 
with superconducting quantum interface devices (SQUIDS). The planar gradiometers of a 
neuromagnetometer measure the cortical activation directly under the sensor with a spatial 
resolution that is generally superior to the surface EEG. Thus, for the purpose of this study, the 
main benefit of MEG over EEG is the ability to discriminate between the different components of 
the primary and secondary somatosensory evoked response in more detail (22–25). 
 
 
2     Aims 
 
In this pilot study, we wanted to investigate the effect of sleep deprivation on the different 
components of primary (S1) and secondary (S2) somatosensory response by measuring 
somatosensory evoked magnetic fields (SEFs). MEG allows one to separately study the different 
components of both the primary and secondary somatosensory responses. We expected 
heightened cortical excitability, evidenced by increased magnetic field strength after sleep 
deprivation. 
 
 
3     Materials and methods 
 
3.1   Subjects 
Four healthy male volunteers (three right handed, one left handed) aged 24-28 were recruited for 
the present study. One of the volunteers (Subject I) was part of the research team for this study. 
Inclusion criteria included: no history of chronic illness, no ongoing medication and no shift work 
or otherwise irregular sleeping schedule during the days preceding the measurement protocol. 
One of the subjects used snuff, he was instructed to refrain from using during the night time 
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period of the sleep deprivation phase. Daytime use of snuff per the subject’s normal regime was 
permitted to prevent possible withdrawal symptoms from interfering with the measurements. 
 
 
3.2   Sleep deprivation protocol 
The volunteers underwent one night of sleep deprivation. On the first day of the experiment 
subjects were asked to wake up at 7:45 am. On the previous night subjects were instructed to go 
to bed early enough to get at least 8 hours of sleep. The SEF measurements were carried out in 
the same sequential order before and after sleep deprivation, i.e. the last volunteers to be 
measured on the first day were also measured last after SD. After the first measurement every 
volunteer was fitted with a tri-axial accelerator based Motionwatch 8 -actigraphy unit on their 
non-dominant wrist. An actigraph gives minute-by-minute data about wrist movement activity: 
any prolonged inactivity is suggestive of sleep. This provided us with a rough estimate on activity 
levels during sleep deprivation. Actigraphy was recorded continuously after the first SEF 
measurement until the second MEG with an activity epoch of 60s. In addition, one of the 
volunteers (Subject I) was part of the research team and monitored the volunteers continuously 
during the night.  
 
During the sleep deprivation subjects were instructed to avoid heavy eating and exercise. 
Watching television and playing video games were permitted forms of activity. Subjects were 
allowed to drink a cup of coffee or tea on the morning of the first day if this was a daily routine: 
one volunteer (Volunteer II) reported drinking a single cup of tea. All subsequent ingestion of 
caffeine or alcohol during the sleep deprivation was prohibited. 
 
 
3.3   Magnetoencephalography (MEG) measurements 
The MEG measurements were performed as identically as possible before and after the sleep 
deprivation phase. The somatosensory evoked fields (SEFs) were recorded with a 306-channel 
neuromagnetometer (Elekta Triux) with a sampling frequency of 1000 Hz. Four head position 
indicator coils were attached to the patient's head. The locations of these coils and three 
anatomical landmarks (nasion, left and right preauricular points) were registered to assess the 
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head position in relation to the MEG device at the beginning of each recording session. Electro-
oculography was recorded to reject epochs that coincided with eye movements. The subjects were 
also fitted with an Easycap model EEG-cap to record somatosensory evoked potentials 
simultaneously with SEFs. The EEG signal was recorded from electrodes Fz, Cz, Cp3 and Cp4. 
 
During the measurement protocol the subjects sat in a magnetically shielded room. Subjects were 
instructed to focus their gaze on a single point on the wall and remain as immobile and relaxed as 
possible. Electrical stimulation was applied to the median nerve at the wrist, the current adjusted 
so that movement of the thumb upon stimulation was apparent. For averaging purposes, a 
minimum of 300 SEFs were recorded with an interstimulus interval (ISI) of 1000 milliseconds. 
Recording the SEFs took 6min 35s on average per arm. 
 
During the measurement protocol a video feed of the measurement room was continuously 
monitored to make sure the volunteers did not fall asleep during the measurements. In addition, a 
research assistant verbally confirmed that the subject was awake in 90 second intervals via a 
microphone. The subjects were instructed to count how many times they were asked about being 
awake and to inform the correct number as a response.  
 
3.4   Data processing 
To minimize external artefacts arising from magnetic interference the MEG-recordings were 
filtered with Elekta MaxFilter™ -software using the signal space separation (SSS) method (26,27). 
In each recording, one bad channel (ch 1013) was discarded from analysis. To directly compare the 
measurements from before and after sleep deprivation a head alignment transformation was 
performed using the MaxMove-function of the MaxFilter™ software: the second day SEF-data was 
transformed to match the head position of the initial measurement. After filtering, the SEFs were 
averaged off-line using a baseline of 200 ms before the stimulus. 
 
The sensors of Elekta Triux neuromagnetometer include one magnetometer and two orthogonal 
planar gradiometers which allow for accurate detection of cortical activity directly below the 
gradiometer pair. We used the gradiometers to compare the evoked field strength before and 
after sleep deprivation. Since the two gradiometers measure different components of the same 
magnetic fields, the data from each gradiometer pair was combined with a MNE python script 
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(28,29) into a vector sum which reflects the total magnetic field activity measured under a specific 
sensor. The vector sum data was low pass filtered at 70 Hz. The different SEF components (at 
approx. 20ms, 35ms and 60ms named N20m, P35m and P60m respectively) (24,30,31) of primary 
somatosensory response as well as the secondary somatosensory response (at approx. 90 ms) 
were visually identified from the magnetic field data. As the different SEF components arise from 
slightly different areas of somatosensory cortex (30), for each component we chose the channel 
(gradiometer-pair) that showed the highest possible deflection in that component for analysis. 
This was done independently for both SEFs measured at baseline and after SD. To determine the 
maximum amplitude for each SEF component, the standard deviation of baseline activity (from 
100ms to 5ms before stimulus) for each chosen gradiometer-pair was calculated and subsequently 
two standard deviations were subtracted from each recorded SEF component peak value to 
account for fluctuations in channel background activity. 
 
3.5    Statistical methods 
To estimate whether SD had a statistically significant effect on SEF component amplitude, 
Student’s pairwise t-test was used to compare the peak amplitude change in every SEF component 
before and after SD.  
 
 
4     Results 
 
In this report we focus on reporting the results of the MEG measurements. Comparisons to the 
EEG-recordings will be carried out in the future. 
 
4.1    Somatosensory evoked fields from S1 
The recorded vector sum peak amplitudes of primary SEFs are presented in Table 1. There was a 
statistically significant increase in P35m component amplitude after sleep deprivation (p=0.03): a 
mean increase of 36% from baseline was observed at group level. In six out of the eight recordings 
sleep deprivation resulted in an amplitude increase in P35m, however in two recordings from the 
left hemisphere a decrease was noted instead (Fig. 1). For the 20ms and 60ms responses the 
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percentual increases after SD were 2% (p=0.90) and 11% (p=0.17), respectively. Unlike the P35m 
that was readily demonstrated in all subjects, the N20m component could not be identified in 
volunteer I due to electrical stimulation artefact. Likewise, the P60m response could not be 
reliably identified in all subjects from the magnetic field data alone. 
 
 
Figure 1. Amplitude of primary somatosensory P35m response before and after 
sleep deprivation in each subject. Top: right hemisphere, bottom: left hemisphere. 
Table 1. Primary somatosensory evoked fields before and after sleep deprivation (fT/cm) 
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4.2    Somatosensory evoked fields from S2 
Characterizing the bilateral S2 response proved more difficult than anticipated and could only be 
fully performed with data from one subject (subject IV). In the case of subject I, suitable S2 fields 
could be identified at the proper time (approx. 90ms), but corresponding deflections could not be 
identified in the plotted magnetic field vector sum graph. Subject II had magnetic fields fitting the 
configuration of S2 activation with suitable corresponding deflections in the vector sum graph, but 
the untimely manifestation of these fields at 150ms did not match the temporal profile of S2 fields 
reported in literature (approx. 90ms) so they were not included in the analysis. From subject III a 
S2 response could be demonstrated only in the right hemisphere. Vector sum peak amplitudes of 
secondary SEFs are presented in Table 2. 
 
In subjects where the S2 response could be adequately determined, an average increase of 44% in 
SEF amplitude was recorded on contralateral hemisphere to the stimulus, while on the ipsilateral 
hemisphere the increase was 33%. In all the cases where the S2 response was identifiable sleep 
deprivation enhanced the response. Due to a very low number of evident responses, statistical 
testing was not performed for the amplitude changes in the S2 response. 
  
 
Table 2. Contra- and ipsilateral secondary somatosensory evoked fields before and after sleep deprivation (fT/cm) 
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4.3   Actigraphy data 
The graphical representation of actigraphy data for each volunteer is represented in Figure 2. The 
volunteers remained in continuous contact for the whole night of sleep deprivation and stayed 
awake for the whole duration of the experiment as supervised by Subject I who was part of the 
research team. Longest epoch of total inactivity ranged from 5 to 11 successive minutes between 
volunteers (Table 3).  
 
 
Table 3. Longest inactive period for each volunteer 
Figure 2. Visual representation of actigraphy data during sleep deprivation. The sleep deprivation phase lies between 
the red vertical lines. 
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4.4 Wakefulness during the MEG measurement  
No unintended sleep was visually observed from the video feed during the MEG measurement. In 
addition, all volunteers correctly answered to the queries about the number of times they were 
asked about being awake. 
 
 
5     Discussion 
 
The preliminary findings of our pilot study produced similar results as previous studies on the 
effect of sleep deprivation on cortical excitability: the somatosensory activation seems to intensify 
with extended wakefulness. We observed enhancement of the P35m component of primary 
somatosensory response in particular. The findings are in agreement with previous studies which 
have found amplitude increases in SEP-components arising at a similar timeframes (components 
P25, N30, and P40 respectively) (17,18). In contrast to the SEP-studies, our findings were limited to 
the middle-latency P35m as we couldn’t demonstrate statistically significant increases in the early 
(N20m) or late (P60m) SEF-components. Interestingly, it has been shown that marked P35m 
enhancement is also found in patients with Unverricht-Lundborg type progressive myoclonic 
epilepsy, which is characterized by pathologic hyperexcitability of the sensorimotor cortex (32). 
This fact, together with our findings and previous literature seems to suggest that increase in 
P35m amplitude following sleep deprivation reflects a loss of intracortical inhibition. However, the 
current study was conducted with a very limited number of participants and thus no definite 
conclusions should be drawn from our data sample alone.  
 
In our data there was noticeable difference between SEFs from different hemispheres: SD had a 
greater effect on the SEFs elicited by left hand stimulation. It has been shown that unilateral arm 
immobilization during the day decreases slow wave activity on the contralateral hemisphere 
during the following sleep episode (33). SWA is well known to be a global neurophysiologic marker 
for sleep need (5). The asymmetric nature of SEFs in our measurements could therefore 
theoretically be explained by local differences in sleep need, produced by unbalanced usage of 
limbs during sleep deprivation. An example of such asymmetric activity present in our study is 
playing first-person video games with a keyboard and a mouse: in these games the right hand 
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operates the mouse and is generally subjected to a greater amount of activity than the left hand 
which rests on the keyboard. Thus, as a result of greater local sleep need it would have been 
logical to observe stronger changes on SEFs elicited from right hand stimulation. Unfortunately, 
our actual results contradict this hypothesis and, as such, the exact relationships between sleep 
deprivation, SEFs and asymmetric limb usage remain obscure. 
 
While the primary somatosensory responses (N20m, P35m, and P60m) can be elicited using a 
shorter ISI,  an ISI of 1000ms or greater is required to elicit proper S2 responses (34). On top of 
that, a sufficient number of measurements has to be made to gain good signal-to-noise ratio 
during averaging – thus, the total duration of a SEF measurement is a product of ISI and the 
number of averaged stimuli. Although a greater number of averaged stimuli would be optimal for 
data analysis, sitting immobile in a quiet room for extended periods poses a significant challenge 
when the subjects are sleep deprived. This trade-off between sufficient averaging and sufficient 
vigilance is a Catch-22 intrinsic to sleep deprivation study design. In the end we opted for 300 
averaged responses with an ISI of 1 second: this resulted in a duration average of 6 min 35 s per 
arm. Although all subjects in our study stayed awake during both measurements, they each 
reported significant difficulty in maintaining wakefulness and attention during the post-SD 
measurements.  
 
Whereas the total of 300 averaged responses per hemisphere was enough to adequately 
characterize the S1 response, trying to determine the S2 response from the magnetic field data 
was harder than expected. Source modelling could have remedied this to some extent but cannot 
overcome a poor signal-to-noise ratio. As the S2 response arises late (approx. 90ms) and 
represents higher order processing of the somatosensory stimulus, it might also be possible that 
SD affects the temporal profile of the S2 fields and thus makes it harder to compare these 
responses between baseline and the sleep deprived state. From this we conclude that a longer ISI, 
additional averaging, or ideally both would have been needed to more accurately characterize the 
S2 response. The drawback to these changes would be an increase in total measurement duration 
that might impair vigilance. 
 
One way to facilitate a longer measurement duration would be to promote subject engagement 
with a suitably engrossing vigilance task. Our questionnaire method provided only minimal 
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engagement and in the future it might be better to opt for the more complicated Psychomotor 
Vigilance Test (a reaction-timed test measuring how fast the subject responds to a visual stimulus). 
However, sleep deprivation has been shown to heavily impair performance and attention in these 
kinds of tests as well (1).  
 
Despite these limitations, the preliminary results provided by our study point to possible 
alterations in secondary somatosensory cortex processing after sleep deprivation. Some examples 
of functions the S2 is known to be involved in are the processing of pain (35) and novel tactile 
stimuli (36). Considering this, our findings could perhaps provide a neurophysiological framework 
on how sleep deprivation has been shown to both increase pain perception (37,38) and to impair 
the processing of novel stimuli (39). However, further studies are needed to more accurately 
characterize the effects of SD on secondary somatosensory cortex activation. 
 
In our study we did not rigorously control for sleep habits and sleep quality preceding the actual 
measurements. Three out of four subjects reported restless sleep on the night before the 
measurement protocol, and the individual differences in total sleep amount could perhaps explain 
some of the variance in the SEF measurements. Despite these challenges the actual sleep 
deprivation phase was carried out without complication, as evidenced by the actigraphy data and 
the fact that no sleep bouts were observed in any of the volunteers. In the future, a sleep diary or 
an ambulatory sleep polygraphy could be used to ensure all volunteers enter the experiment in an 
adequately rested state. 
 
 
6    Conclusions 
 
Our preliminary findings confirm and delineate the previous EEG findings of enhanced 
somatosensory activation after SD: the P35m response increases in strength after sleep 
deprivation, suggesting heightened cortical excitability. The behaviour of S2 remains to be 
confirmed in future studies. 
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